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Abstract

TheI/O accesspatternsof parallel programsoftencon-
sistof accessesto a largenumberof small,noncontiguous
piecesof data. If an application’s I/O needsare met by
makingmanysmall,distinct I/O requests,however, the I/O
performancedegradesdrastically. To avoid this problem,
MPI-IO allows usersto accessa noncontiguousdata set
with a singleI/O functioncall. This feature providesMPI-
IO implementationsanopportunityto optimizedataaccess.

We describehow our MPI-IO implementation,ROMIO,
delivershigh performancein the presenceof noncontigu-
ous requests. We explain in detail the two key optimiza-
tions ROMIO performs: data sieving for noncontiguous
requestsfrom one processand collectiveI/O for noncon-
tiguousrequestsfrommultipleprocesses.We describehow
onecanimplementtheseoptimizationsportablyonmultiple
machinesand file systems,control their memoryrequire-
ments,and also achieve high performance. We demon-
strate the performanceand portability with performance
resultsfor threeapplications—anastrophysics-application
template(DIST3D),theNASBTIO benchmark,andan un-
structuredcode(UNSTRUC)—onfivedifferentparallel ma-
chines: HP Exemplar, IBM SP, Intel Paragon,NEC SX-4,
andSGIOrigin2000.

1 Intr oduction

Numerousstudiesof the I/O characteristicsof parallel
applicationshave shown thatmany applicationsneedto ac-
cessa largenumberof small,noncontiguouspiecesof data
from a file [1, 2, 7, 9, 10]. For goodI/O performance,how-
ever, thesizeof anI/O requestmustbe large(on theorder
of megabytes).The I/O performancesuffers considerably
if applicationsaccessdataby makingmany small I/O re-
quests.Suchis thecasewhenparallelapplicationsperform
I/O by usingtheUnix read andwrite functions,which
canaccessonly asinglecontiguouschunkof dataata time.

MPI-IO, the I/O part of the MPI-2 standard[6], is
a new interfacedesignedspecifically for portable, high-
performanceparallel I/O. To avoid the above-mentioned
problemof many distinct, small I/O requests,MPI-IO al-
lows usersto specifythe entirenoncontiguousaccesspat-
ternandreador write all thedatawith a singleI/O function
call. MPI-IO alsoallows usersto specify collectively the
I/O requestsof a groupof processes,therebyproviding the
implementationwith even greateraccessinformation and
greaterscopefor optimization.

In this paperwe describehow our MPI-IO implemen-
tation,ROMIO, delivershigh performancein the presence
of noncontiguousI/O requests.ROMIO is a portableMPI-
IO implementationthatworkson many differentmachines
andfile systems.Weexplain in detailthetwo key optimiza-
tionsROMIO performs:datasieving for noncontiguousre-
questsfrom oneprocessandcollective I/O for noncontigu-
ous requestsfrom multiple processes.We describehow
onecanimplementtheseoptimizationsportablyonmultiple
machinesand file systems,control their memoryrequire-
ments,andalsoachieve highperformance.Wedemonstrate
the performanceand portability with performanceresults
for threeapplicationson five differentparallelmachines.

We notethatROMIO canperformtheoptimizationsde-
scribedin this paperonly if usersprovide completeaccess
informationin a singlefunctioncall. In [14] we explained
how userscan do so by usingMPI’s derived datatypesto
createfile viewsandby usingMPI-IO’scollective-I/Ofunc-
tionswhenever possible.In this paperwe describetheop-
timizationsin detailandprovide extensive performancere-
sults.

Therestof this paperis organizedasfollows. Section2
givesabrief overview of ROMIO. Datasieving is described
in Section3 andcollective I/O in Section4. Performance
resultsarepresentedin Section5, followedby conclusions
in Section6.



2 Overview of ROMIO

ROMIO is afreelyavailable,high-performance,portable
implementationof MPI-IO. Thecurrentversionof ROMIO,
1.0.1, runs on the following machines: IBM SP; Intel
Paragon;HP Exemplar; SGI Origin2000 and T3E; NEC
SX-4;othersymmetricmultiprocessorsfrom HP, SGI,Sun,
DEC, andIBM; andnetworksof workstations(Sun,SGI,
HP, IBM, DEC, Linux, andFreeBSD).Supportedfile sys-
temsareIBM PIOFS,Intel PFS,HP HFS,SGI XFS, NEC
SFS,NFS,andany Unix file system(UFS).ROMIO 1.0.1
includeseverythingdefinedin theMPI-2 I/O chapterexcept
shared-file-pointerfunctions,split-collective-I/Ofunctions,
supportfor file interoperability, I/O errorhandling,andI/O
error classes. ROMIO is designedto be usedwith any
MPI-1 implementation—bothportableandvendor-specific
implementations.It is currently includedaspart of three
MPI implementations:MPICH, HP MPI, andSGIMPI.

A key componentof ROMIO that enablessuch a
portableMPI-IO implementationis aninternallayercalled
ADIO [13]. ADIO, an abstract-device interfacefor I/O,
consistsof a small setof basicfunctionsfor parallel I/O.
In ROMIO, the MPI-IO interfaceis implementedportably
on top of ADIO, and only ADIO is implementedsepa-
rately for differentfile systems.ADIO thusseparatesthe
machine-dependentand machine-independentaspectsin-
volvedin implementingMPI-IO.

3 Data Sieving

To reducethe effect of high I/O latency, it is critical to
makeasfew requeststo thefile systemaspossible.When
a processmakesan independentrequestfor noncontiguous
data,ROMIO, therefore,doesnot accesseachcontiguous
portionof thedataseparately. Instead,it usesanoptimiza-
tion calleddatasieving [12]. The basicidea is illustrated
in Figure1. Assumethat the userhasmadea singleread
requestfor five noncontiguouspiecesof data. Insteadof
readingeachpieceseparately, ROMIO readsa singlecon-
tiguouschunkof datastartingfrom thefirst requestedbyte
upto thelastrequestedbyteinto atemporarybuffer in mem-
ory. It thenextractstherequestedportionsfrom thetempo-
rary buffer andplacesthemin theuser’s buffer. Theuser’s
bufferhappensto becontiguousin thisexample,but it could
well benoncontiguous.

A potential problem with this simple algorithm is its
memoryrequirement.Thetemporarybuffer into whichdata
is first readmustbe aslarge asthe extentof the user’s re-
quest,whereextent is definedasthe total numberof bytes
betweenthefirst andlastbytesrequested(includingholes).
The extent canpotentially be very large if thereare large
holesbetweenthe requesteddatasegments. The basical-
gorithm, therefore,mustbe modified to makeits memory

requirementindependentof theextentof theuser’s request.
ROMIO usesa user-controllableparameterthat defines

themaximumamountof contiguousdatathata processcan
readatatimeduringdatasieving. Thisvaluealsorepresents
the maximum size of the temporarybuffer. The default
value is 4 Mbytes (per process),but the usercan change
it at run time via MPI-IO’s hintsmechanism.If theextent
of theuser’s requestis largerthanthevalueof thisparame-
ter, ROMIO performsdatasieving in parts,readingonly as
muchdataata timeasdefinedby theparameter.

Theadvantageof datasieving is thatdatais alwaysac-
cessedin largechunks,althoughat thecostof readingmore
datathanneeded.For many commonaccesspatterns,the
holesbetweenusefuldataarenot undulylarge,andthead-
vantageof accessinglarge chunksfar outweighsthe cost
of readingextra data. In someaccesspatterns,however,
theholescouldbe so large that thecostof readingthe ex-
tra dataoutweighsthecostof accessinglarge chunks.The
BTIO benchmark(seeSection5), for example,hassuchan
accesspattern.An “intelligent” data-sieving algorithmcan
handlesuchcasesaswell. The algorithmcananalyzethe
user’s requestanddecidewhetherto performdatasieving
or accesseachcontiguousdatasegmentseparately. Weplan
to addthis featureto ROMIO.

Datasieving cansimilarly be usedfor writing data. A
read-modify-writemust be performed,however, to avoid
destroyingthe data alreadypresentin the holesbetween
contiguousdatasegments.Theportionof thefile beingac-
cessedmust also be locked during the read-modify-write
to prevent concurrentupdatesby otherprocesses.ROMIO
also usesanotheruser-controllableparameterthat defines
themaximumamountof contiguousdatathata processcan
write at a time during datasieving. Sincewriting requires
locking theportionof thefile beingaccessed,ROMIO uses
a smallerdefaultbuffer sizefor writing (512Kbytes)in or-
derto reducecontentionfor locks.

Onecouldarguethatmostfile systemsperformdatasiev-
ing anyway becausethey performcaching.That is, even if
theusermakesmany small I/O requests,thefile systemal-
waysreadsmultiplesof disk blocksandmayalsoperform
a read-ahead.Theuser’s requests,therefore,maybe satis-
fied out of thefile-systemcache.Our experience,however,
hasbeenthat the costof makingmany systemcalls, each
for small amountsof data, is extremely high, despitethe
cachingperformedby the file system. In mostcases,it is
moreefficient to makeafew systemcallsfor largeamounts
of dataandextract theneededdata. (Seethe performance
resultsin Section5.)

4 CollectiveI/O

In many parallel applications,although each process
may needto accessseveral noncontiguousportions of a



read a contiguous chunk

user’s request for noncontiguous

into memory

into user’s buffer
copy requested portions

data from a file

Figure 1. Data sieving

file, therequestsof differentprocessesareofteninterleaved
andmaytogetherspanlargecontiguousportionsof thefile.
If the userprovides the MPI-IO implementationwith the
entireaccessinformationof a groupof processes,the im-
plementationcanimproveI/O performancesignificantlyby
merging the requestsof different processesand servicing
the mergedrequest.Suchoptimizationis broadlyreferred
to ascollective I/O.

Collective I/O canbe performedat the disk level (disk-
directedI/O [5]), attheserver level (server-directedI/O [8]),
or at theclient level (two-phaseI/O [3]). SinceROMIO is
a portable,user-level library with no separateI/O servers,
it performscollective I/O at the client level. For this pur-
pose, it usesa generalizedversion of the extendedtwo-
phasemethoddescribedin [11].

4.1 Two-PhaseI/O

Two-phaseI/O wasfirst proposedin [3] in the context
of accessingdistributedarraysfrom files. Considertheex-
ampleof readinga two-dimensionalarrayfrom a file into
a (block,block) distribution in memory, as shown in Fig-
ure 2. Assumethat the array is storedin the file in row-
majororder. As a resultof thedistribution in memoryand
the storageorder in the file, the local array of eachpro-
cessis locatednoncontiguouslyin thefile—eachrow of the
local arrayof a processis separatedby rows from the lo-
cal arraysof otherprocesses.If eachprocesstries to read
eachrow of its localarrayindividually, theperformancewill
bepoor dueto the largenumberof relatively small I/O re-
quests.Note, however, that all processestogetherneedto
readtheentirefile, andtwo-phaseI/O usesthis fact to im-
proveperformance.

If theentireI/O accesspatternof all processesis known
to the implementation,thedatacanbe accessedefficiently
by splitting the accessinto two phases.In the first phase,
processesaccessdataassuminga distribution in memory
that resultsin eachprocessmaking a single, large, con-
tiguousaccess. In this example, sucha distribution is a
row-block or (block,*) distribution. In the secondphase,
processesredistributedataamongthemselvesto thedesired

distribution. Theadvantageof this methodis thatby mak-
ing all file accesseslargeandcontiguous,theI/O time is re-
ducedsignificantly. Theaddedcostof interprocesscommu-
nicationfor redistribution is small comparedwith the sav-
ingsin I/O time.

Thebasictwo-phasemethodwasextendedin [11] to ac-
cesssectionsof out-of-corearrays. In ROMIO we usea
generalizedversionof thisextendedtwo-phasemethodthat
canhandleanynoncontiguousI/O requestasdescribedby
anMPI deriveddatatype,not justsectionsof arrays.

4.2 GeneralizedTwo-PhaseI/O in ROMIO

ROMIO usestwo user-controllableparametersfor col-
lective I/O: thenumberof processesthatperformI/O in the
I/O phaseand the maximumsize on eachprocessof the
temporarybuffer neededfor two-phaseI/O. By default,all
processesperformI/O in the I/O phase,andthemaximum
buffer sizeis 4 Mbytesper process.The usercanchange
thesevaluesat run timevia MPI-IO’shintsmechanism.

Wefirst explain thealgorithmROMIO usesfor collective
readsandthendescribehow thealgorithmdiffersfor collec-
tivewrites.Figure3 showsasimpleexamplethatillustrates
how ROMIO performsa collective read. In this example,
all processesperformI/O, andeachprocessis assumedto
have asmuchmemoryasneededfor thetemporarybuffer.

We note that, in MPI-IO, the collective-I/O function
calledby a processspecifiestheaccessinformationof that
processonly. Also, file accessesin collective I/O refer to
accessesfrom multiple processesto a commonfile.

4.2.1 CollectiveReads

In ROMIO’s implementationof collective reads,eachpro-
cessfirst analyzesits own I/O requestandcreatesa list of
offsetsanda list of lengths,wherelength[i] givesthe
numberof bytesthattheprocessneedsfrom locationoff-
set[i] in the file. Eachprocessalso calculatesthe lo-
cationsof the first byte (startoffset)andthe lastbyte (end
offset) it needsfrom thefile andthenbroadcaststhesetwo
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Figure 2. Reading a distrib uted array by using two-phase I/O

offsetsto otherprocesses.As a result,eachprocesshasthe
startandendoffsetsof all processes.

In thenext step,eachprocesstriesto determinewhether
thisparticularaccesspatterncanbenefitfrom collectiveI/O,
i.e., whethertheaccessesof any of theprocessesareinter-
leaved in thefile. Sinceanexhaustive checkcanbeexpen-
sive,eachprocessonly checksif, for any twoprocesseswith
consecutive ranks( � and ����� ), thefollowing expressionis
true: (start-offset�
	���
 end-offset� ). If not true, eachpro-
cessconcludesthat collective I/O will not improve perfor-
mancefor this particularaccesspattern,sincethe requests
of differentprocessescannotbemerged.In suchcases,each
processjust calls the correspondingindependent-I/Ofunc-
tion, whichusesdatasieving to optimizenoncontiguousre-
quests.

If theabove expressionis true,theprocessesproceedto
performcollective I/O as follows. Portionsof the file are
“assigned”to eachprocesssuchthatin theI/O phaseof the
two-phaseoperation,a processwill accessdataonly from
theportionof thefile assignedto it. This portionof thefile
assignedto a processis calledtheprocess’s file domain. If
a processneedsdatalocatedin anotherprocess’s file do-
main,it will receive thedatafrom theotherprocessduring
thecommunicationphaseof thetwo-phaseoperation.Sim-
ilarly, if this process’s file domaincontainsdataneededby
other processes,it must sendthis datato thoseprocesses
duringthecommunicationphase.

File domainsareassignedasfollows. Eachprocesscal-
culatesthe minimumof thestartoffsetsandthemaximum
of theendoffsetsof all processes.Thedifferencebetween
thesetwo offsetsgivesthe total extent of thecombinedre-
questof all processes.Thefile domainof eachprocessis ob-
tainedby dividing this extentequallyamongtheprocesses.

After thefile domainsaredetermined,eachprocesscal-
culatesin which otherprocess’s file domainits own I/O re-
quest(or a portionof it) is located.For eachsuchprocess,
it createsa datastructurecontaininga list of offsetsand
lengthsthat specify the dataneededfrom the file domain

of thatprocess.It thensendsthis accessinformationto the
processesfrom which it expectsto receive data.Similarly,
otherprocessesthatneeddatafrom thefile domainof this
processsendthe correspondingaccessinformation to this
process.After this exchangehastakenplace,eachprocess
knows whatportionsof its file domainareneededby other
processesandby itself. It alsoknowswhichotherprocesses
aregoingto sendthedatathatit needs.

Thenext stepis to readandcommunicatethedata.This
stepis performedin several partsto reduceits memoryre-
quirement. Eachprocessfirst calculatesthe offsetscorre-
spondingto thefirst andlastbytesneeded(by any process)
from its file domain.It thendividesthedifferencebetween
theseoffsetsby the maximumsizeallowed for the tempo-
rary buffer (4 Mbytesby default).Theresultis thenumber
of times(ntimes) it needsto performI/O. All processes
thenperforma global-maximumoperationon ntimes to
determinethe maximumnumberof times(max ntimes)
any processneedsto perform I/O. Even if a processhas
completedall the I/O neededfrom its own file domain,it
mayneedto participatein communicationoperationsthere-
after to receive datafrom other processes.Eachprocess
mustthereforebereadyto participatein thecommunication
phasemax ntimes numberof times.

For eachof thentimes I/O operations,a processdoes
thefollowing operations:It checksif thecurrentportionof
its file domain(no largerthanthemaximumbuffersize)has
datathatany processneeds,including itself. If it doesnot
have suchdata,the processdoesnot needto performI/O
in this step;it thenchecksif it needsto receive datafrom
otherprocesses,asexplainedbelow. If it doeshave such
data,it readswith asingleI/O functioncall all thedatafrom
thefirst offsetto thelastoffsetneededfrom this portionof
the file domain into a temporarybuffer in memory. The
processeffectively performsdatasieving, asthe dataread
may includesomeunwanteddata. Now the processmust
sendportionsof thedatareadto processesthatneedthem.

Each processfirst informs other processeshow much
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datait is goingto sendthem.Theprocessesthenexchange
databy first postingall the receives asnonblockingoper-
ations,thenpostingall the nonblockingsends,andfinally
waitingfor all thenonblockingcommunicationto complete.
MPI deriveddatatypesareusedto sendnoncontiguousdata
directly from the temporarybuffer to the destinationpro-
cess.On thereceive side,if the userhasaskedfor datato
beplacedcontiguouslyin theuser-suppliedbuffer, thedata
is received directly into the user’s buffer. If datais to be
placednoncontiguously, theprocessfirst receivesdatainto
a temporarybuffer andthencopiesit into theuser’s buffer.
(Sincedatais received in partsover multiple communica-
tion operationsfrom differentprocesses,we foundthis ap-
proacheasierthancreatingderiveddatatypesonthereceive
side.)

EachprocessperformsI/O andcommunicationntimes
numberof times and then participatesonly in the com-
munication phase for the remaining (max ntimes -
ntimes) numberof times. In someof theseremaining
communicationsteps,a processmay not receive any data;
nevertheless,theprocessmustcheckif it is goingto receive
datain a particularstep.

4.2.2 CollectiveWrites

Thealgorithmfor collective writes is similar to theonefor
collectivereads,exceptthatthefirst phaseof thetwo-phase
operationis communicationand the secondphaseis I/O.

In the I/O phase,eachprocesschecksif any holes(gaps)
exist in the datait needsto write. If holesexist, it per-
forms a read-modify-write;otherwiseit performsonly a
write. During the read-modify-write,a processneednot
lock the region of the file beingaccessed(unlike in inde-
pendentI/O), becausethe processis assuredthat no other
processinvolvedin thecollective-I/Ooperationwill directly
try to accessthedatalocatedin this process’s file domain.
Theprocessis alsoassuredthatconcurrentwritesfrom pro-
cessesotherthanthoseinvolvedin this collective-I/Ooper-
ationwill not occur, becauseMPI-IO’sconsistency seman-
tics [6] donotautomaticallyguaranteeconsistency for such
writes. (In suchcases,usersmust useMPI File sync
andensurethattheoperationsarenot concurrent.)

4.2.3 PerformanceIssues

Even if I/O is performedin large contiguouschunks,the
performanceof the collective-I/O implementationcan be
significantly affected by the amount of buffer copying
andcommunication.We were able to improve ROMIO’s
collective-I/O performanceby asmuchas 50% by tuning
the implementationto minimize buffer copyingandmini-
mize thenumberof communicationcallsandusetheright
setof MPI communicationprimitives.

Initially, in eachof thecommunicationsteps,we always
receiveddatainto atemporarybuffer andthencopiedit into
theuser’s buffer. We realizedlater that this copyis needed



only whentheuser’s buffer is to befilled noncontiguously.
In the contiguouscase,datacan be received directly into
the appropriatelocationin the user’s buffer. We similarly
experimentedwith differentwaysof communicatingdatain
MPI andmeasuredtheeffect on overall collective-I/O per-
formancewith differentMPI implementationsandon dif-
ferentmachines.We selectednonblockingcommunication
with thereceivespostedfirst andthenthesends,whichper-
forms thebeston mostsystems.It maybe possible,how-
ever, to tunethecommunicationfurtheron somemachines
by postingthesendsbeforethe receivesor by usingMPI’s
persistentrequests.

4.2.4 Portability Issues

We were able to implementtheseoptimizationsportably
and without sacrificingperformanceby using ADIO as a
portability layer for I/O (seeSection2) andby usingMPI
for communication.Datasieving andcollective I/O areim-
plementedwithin ADIO functions[13]; datasieving is used
in ADIO functionsthat read/writenoncontiguousdata,and
collective I/O is usedin ADIO’s collective-I/O functions.
Both theseoptimizationsultimately makecontiguousI/O
requeststo the underlying file system,which are imple-
mentedby using ADIO’s contiguous-I/Ofunctions. The
contiguous-I/Ofunctions, in turn, are implementedusing
the appropriatefile-systemcall for eachdifferentfile sys-
tem.

5 PerformanceMeasurements

We usedthreeapplicationsfor our performanceexperi-
ments:

1. DIST3D, a templaterepresentingthe I/O accesspat-
tern in an astrophysicsapplication(ASTRO3D) from
theUniversityof Chicago;

2. theNAS BTIO benchmark[4]; and

3. an unstructuredcode (UNSTRUC) written by Larry
SchoofandWilbur Johnsonof SandiaNationalLab-
oratories.

The I/O in DIST3D consistsof reading/writinga three-
dimensionalarraydistributedin a(block,block,block)fash-
ion amongprocessesfrom/to a file containingthe global
array in row-major order. The BTIO benchmark[4] sim-
ulatesthe I/O requiredby a time-steppingflow solver that
periodicallywritesits solutionmatrix. Thebenchmarkonly
performswrites, but we modifiedit to performreadsalso.
UNSTRUC emulatestheI/O accesspatternin unstructured-
grid applicationsby generatinga randomirregular map-
ping from thelocalone-dimensionalarrayof a processto a
globalarrayin a commonfile sharedby all processes.The

mappingspecifieswhereeachelementof the local arrayis
locatedin theglobalarray.

Weranthecodeportablyandmeasuredtheperformance
on five differentparallelmachines:the HP Exemplarand
SGI Origin2000at the NationalCenterfor Supercomput-
ing Applications(NCSA),theIBM SPatArgonneNational
Laboratory, theIntelParagonatCaliforniaInstituteof Tech-
nology, andtheNEC SX-4 at theNationalAerospaceLab-
oratory(NLR) in Holland. We usedthenative parallelfile
systemson eachmachine:HFS on the Exemplar, XFS on
theOrigin2000,PIOFSon theSP, PFSon theParagon,and
SFSon the SX-4. At the time we performedthe experi-
ments,thesefile systemswereconfiguredasfollows: HFS
on the Exemplarwasconfiguredon twelve disks; XFS on
theOrigin2000hadtwo RAID unitswith SCSI-2interfaces;
theSPhadfour serversfor PIOFS,andeachserverhadfour
SSAdisksattachedto it in oneSSAloop; theParagonhad
64I/O nodesfor PFS,eachwith anindividualSeagatedisk;
andSFSontheNECSX-4wasconfiguredonasingleRAID
unit comprisingsixteenSCSI-2datadisks.

We measuredthe I/O performanceof theseapplications
by usingMPI-IO functionsto performI/O in threedifferent
waysasfollows:

Unix-style accessesSeparateMPI-IO functioncalls to ac-
cesseachindividualcontiguouspieceof data.

Data sieving Createa file view to describea noncontigu-
ousaccesspatternandusea singleindependentMPI-
IO functionto accessdata.

Collective I/O Createafile view to describea noncontigu-
ousaccesspatternandusea singlecollectiveMPI-IO
functionto accessdata.

In all experiments,we usedthe defaultbuffer sizesfor
datasieving andcollective I/O (seeSections3 and4) and
the defaultvaluesof the file-stripingparameterson all file
systems.

Tables1 and2 show the readandwrite bandwidthsfor
DIST3D. The performanceof Unix-style accesseswas, in
general,very poor. By usingdatasieving instead,the read
bandwidthimprovedby afactorrangingfrom 2.6ontheHP
Exemplarto 453 on the NEC SX-4. The write bandwidth
improvedby a factorrangingfrom 2.3on theHP Exemplar
to 121ontheNECSX-4. Datasieving cannotbeperformed
for writing on theSP’s PIOFSfile system,becausePIOFS
doesnotsupportfile locking. OnPIOFS,ROMIO therefore
translatesnoncontiguous,independentwrite requestsinto
multiple Unix-styleaccesses.

The performanceimprovementwith collective I/O was
muchmoresignificant. The readbandwidthimproved by
a factorof asmuchas793over Unix-style accesses(NEC
SX-4) andasmuchas14 over datasieving (Intel Paragon).
Thewrite performanceimprovedby a factorof asmuchas



Table 1. Read performance of DIST3D (array
size 512x512x512 integer s = 512 Mbytes)

Bandwidth(Mbytes/s)
Proc- Unix- Data Coll-

Machine essors style Sieving ective
HPExemplar 64 5.42 14.2 68.2

IBM SP 64 2.13 11.9 90.2
Intel Paragon 256 3.01 9.50 132
NECSX-4 8 0.71 322 563

SGIOrigin2000 32 14.0 118 175

Table 2. Write performance of DIST3D (array
size 512x512x512 integer s = 512 Mbytes)

Bandwidth(Mbytes/s)
Proc- Unix- Data Coll-

Machine essors style Sieving ective
HPExemplar 64 0.54 1.25 50.7

IBM SP 64 1.85 N/A 57.6
Intel Paragon 256 1.12 3.33 183
NECSX-4 8 0.62 75.3 447

SGIOrigin2000 32 5.06 13.1 66.7

721over Unix-style accesses(NEC SX-4) andasmuchas
40 over datasieving (HP Exemplar).

Tables3 and4 presentresultsfor ClassC of the BTIO
benchmark.(BTIO requiresthenumberof processorsto be
aperfectsquare.)For BTIO, Unix-styleaccessesperformed
betterthandatasieving on threeout of the five machines.
Thereasonis that theholesbetweendatasegmentsneeded
by a processarelarge in BTIO—morethanfive timesthe
size of the datasegment. As a result, a lot of unwanted
datawas accessedduring datasieving, resulting in lower
performancethanwith Unix-style accesses.As mentioned
in Section3,anintelligentdata-sieving algorithmcandetect
suchlargeholesandinternallyperformUnix-styleaccesses.
ROMIO’sdatasieving algorithmdoesnotcurrentlydo this,
however.

Collective I/O performedextremely well on BTIO, be-
causeno unwanteddatawasaccessedduringcollective I/O
andall accesseswerelarge. Theperformanceimprovedby
afactorof asmuchas512overUnix-styleaccessesfor read-
ing and597for writing, bothon theNECSX-4.

Tables5 and6 show the readandwrite bandwidthsfor
UNSTRUC. In this application,the I/O accesspatternis
irregular, andthe granularityof eachaccessis very small
(64bytes).Unix-styleaccessesarenot feasiblefor thiskind

Table 3. Read performance of BTIO (Class
C, problem size 5x162x162x162 double pre-
cision � 162 Mbytes)

Bandwidth(Mbytes/s)
Proc- Unix- Data Coll-

Machine essors style Sieving ective
HPExemplar 64 6.35 5.84 44.2

IBM SP 64 2.73 1.66 80.6
Intel Paragon 256 2.28 1.23 82.0
NECSX-4 9 1.26 116 645

SGIOrigin2000 36 12.1 37.0 107

Table 4. Write performance of BTIO (Class
C, problem size 5x162x162x162 double pre-
cision � 162 Mbytes)

Bandwidth(Mbytes/s)
Proc- Unix- Data Coll-

Machine essors style Sieving ective
HPExemplar 64 0.86 0.50 29.7

IBM SP 64 2.21 N/A 38.6
Intel Paragon 256 1.37 0.45 98.8
NECSX-4 9 0.99 29.9 591

SGIOrigin2000 36 7.93 2.90 67.2

of application,as they take an excessive amountof time.
We thereforedo not presentresultsfor Unix-styleaccesses
for UNSTRUC.CollectiveI/O againperformedmuchbetter
thanindependentI/O with datasieving, theonly exception
being for readson the NEC SX-4. In this case,because
of thehigh readbandwidthof NEC’s SupercomputingFile
System(SFS),datasieving by itself outperformedtheextra
communicationrequiredfor collective I/O.

6 Conclusions

For parallel applicationsto achieve high I/O perfor-
mance,it is critical that the parallel-I/O systembe able
to deliverhigh performanceevenfor noncontiguousaccess
patterns.We have describedtwo optimizationsour MPI-IO
implementationperformsthatenableit to deliver high per-
formanceeven if theuser’s requestconsistsof many small,
noncontiguousaccesses.Our implementationof theseop-
timizationsgeneralizesthe work in [11, 12] to handleany
noncontiguousaccesspattern,not justsectionsof arrays.

For the applicationswe considered,collective I/O per-
formed significantly better than both data sieving and



Table 5. Read performance of UNSTRUC

Bandwidth(Mbytes/s)
Proc- Grid Data Coll-

Machine essors Points Sieving ective
HPExemplar 64 8 million 3.15 35.0

IBM SP 64 8 million 1.63 73.3
Intel Paragon 256 8 million 1.18 78.4
NECSX-4 8 8 million 152 101

SGIOrigin2000 32 4 million 30.0 80.8

Table 6. Write performance of UNSTRUC

Bandwidth(Mbytes/s)
Proc- Grid Data Coll-

Machine essors Points Sieving ective
HPExemplar 64 8 million 0.18 22.1

IBM SP 64 8 million N/A 37.8
Intel Paragon 256 8 million 0.22 94.9
NECSX-4 8 8 million 16.8 81.5

SGIOrigin2000 32 4 million 1.33 59.2

Unix-style accesses.Datasieving performedmuch better
thanUnix-styleaccessesfor DIST3D andUNSTRUC. For
BTIO, on somemachines,Unix-style accessesperformed
betterthandatasieving, becauseof largeholesbetweendata
segmentsaccessedby eachprocessin BTIO.

The implementationof datasieving and collective I/O
mustbecarefully tunedto minimizetheoverheadof buffer
copyingandinterprocesscommunication.Otherwise,these
overheadscanimpactperformancesignificantly.
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